. List of primers used in this study ( 
Ubr1 PRT6
16%/33%
Hul5 UPL7
20%/36%
Rsp5 UPL1
6%/9%
CHIP AtCHIP

28%/47%
Identity/Similarity
Equal sample loading was confirmed by using an α-actin antibody. lines.
Supplementary description
We isolated a SALK T-DNA line with a T-DNA insertion in the upstream untranslated region of AT1G26800 locus and named it as mpsr1-1. Although mpsr1-1 is a homozygous mutant, it showed no defective phenotypes because gene expression was normal. Rather, we In vitro pulldown assay of GST-MPSR1 with His-MPSR1-DN-GFP. GST or GST-MPSR1 was incubated with His-MPSR1-DN-GFP and pulled-down with glutathione-resin. Pull-downed proteins were determined with an α-GFP antibody. GST and empty glutathione-resin was used as a negative control. 
After AZC treatment for 6 h, the 26S proteasome complex of ~2000 kDa (fraction number 23, the eluted volume of collected fractions was 2 fold larger than that of the gel filtration assay as shown in Fig. 4C ) was clearly decreased in the wild-type seedlings, while it was maintained in 35S:2xflag MPSR1 seedlings, demonstrating the positive role of MPSR1 in the integrity of the 26S proteasome complex. 
To investigate whether MPSR1 is responsible for sustaining the activity of 26S
proteasome, we performed a cell-free degradation assay. We incubated His-Δ2GFP with cytoplasmic crude extract (CE) from wild-type seedlings. In the assay, His-Δ2GFP was gradually degraded, while control His-GFP was not degraded (Fig. S10 A) . Because GFP is not a target of UPS system, the degradation of His-Δ2GFP could be seen as being mediated by PQC related UPS system. The addition of MG132, epoxomicin, or CLL, as inhibitors of the 26S proteasome, was effective in blocking the degradation of His-Δ2GFP, demonstrating that UPS is the main disintegrator of His-Δ2GFP (Fig. S10 B) . The preparation of cytoplasmic crude extract for the assay was verified by monitoring sub-cellular specific marker proteins, UGPase for the cytoplasmic fraction and histone for the nuclear fraction (Fig. S10 C) . Using this assay system, we further investigated the role of MPSR1 in modulating 26S proteasome activity. First, His-Δ2GFP was incubated with the crude extracts from AZC-treated (5 mM, 6 h) or mocktreated Col-0 and 35S:MPSR1-OE lines for the indicated time. The half-life of His-Δ2GFP (2.5 h) was not altered in the assay using the CE from mock-treated 35S:MPSR1-OE line as compared to the half-life using CE from mock-treated wild type. Besides, the half-life of His-Δ2GFP (1.5 h) was remarkably shortened in the same assay using CE of AZC-treated
35S:MPSR1-OE, implying that the integrity of the 26S proteasome is better maintained in
35S:MPSR1-OE line than in control under the AZC treatment (Fig. S10 D and G) . In contrast,
His-Δ2GFP was not degraded in the assay using the extract of AZC-treated 35S:MPSR1-KD as compared to the control assay ( Fig. S10 E and H) . Likewise, His-Δ2GFP was stable in the extract of AZC-treated 35S:MPSR1-DN lines (Fig. S10 F and I ). These results demonstrate that MPSR1 is essential for 26S proteasome activity under proteotoxic stress. 
Supplementary description
In yeast and animals, many components and mechanisms of compartment-specific PQC pathways significantly overlap, and it seems less reasonable to categorically draw rigid boundaries around them as though they were unrelated (1). Therefore, we tested whether MPSR1 also participates in other compartment-specific PQC pathways such as ER-associated protein degradation (ERAD). Tunicamycin blocks N-linked glycosylation (N-glycans), which induces the unfolded protein response (UPR) in the ER, known as ER stress. We treated the wild-type seedlings with tunicamycin in a time-dependent manner. While AtBip3 was highly induced, MPSR1 was down-regulated by this treatment (Fig. S11 A) . Using pMPSR1:GUS transgenic lines, we tested whether the expression pattern of MPSR1 was modulated by posttranscriptional regulations or by its promoter activity (Fig. S11 B) . Consistent with the expression pattern of MPSR1 and similarly to observation made in wild-type, 35S:MPSR1-OE lines showed severely defective growth under the treatment, indicating that MPSR1 is not directly linked to ERAD (Fig. S11 C) . Furthermore, MPSR1 did not appear to co-localize with Bip2 of the ER membrane. Based on these results, MPSR1 does not appear to be involved in the ERAD process in plants (Fig. S11 D) .
SI Materials and Methods
Generation of transgenic lines
For generating transgenic plants, the Agrobacterium-mediated transformation method was used as described in a previous study (2) . For generating the mpsr1-cas mutant, hygromycinresistant transformed seedlings were screened by the T7E1 assay for identifying MPSR1 geneedited plants among T1 plants. T2 mutant allele homozygote lines without T-DNA were screened by T-DNA marker PCR, the T7E1 assay and genomic DNA sequencing (3).
RNA extraction, RT-PCR, and Quantitative RT-PCR
Total RNA was extracted from 10 day-old Arabidopsis seedlings using Easy-spin RNA extraction kits (Intron). Reverse transcription was performed using iScript reverse transcriptase Calculations were performed using the formula 2 (-CT) , where CT is the cycle number at which fluorescence reached the threshold point for detection. The experiments were performed with three independent biological replicates. The primers for genes are described in Table S2 .
Construction of vectors for plant and bacterial expression
To generate 35S:MPSR1-OE and 35S:MPSR1-DN expression constructs, MPSR1 cDNA and mutated cDNA were cloned into pENTR-2xflag vectors, followed by an LR reaction with a pEarleyGate100 vector (4) . For the RNAi knockdown construct, the C-terminal region of MPSR1 cDNA (from 611 bp to 747 bp) was introduced into a pENTR vector (Invitrogen) and cloned into a pEarleyGate100 vector by an LR reaction. MPSR1 cDNA and MPSR1-DN cDNA were also directly cloned into pGEX4T-1 for expressing recombinant proteins. Coding sequence of AtHSP90.1 was cloned into pMAL C2X vector. GFP and Δ2GFP were cloned into a pProEX-HTa vector for expressing His-GFP and His-Δ2GFP recombinant protein, respectively. AtHSP90.1 and Δ2GFP were cloned into pMDC7 inducible vector (5) . To measure MPSR1 promoter activity, the promoter region (1.5 kbp) of MPSR1 was cloned into a pCAMBIA1381 vector using the HindIII site. For generating the mpsr1-cas mutant, an sgRNA oligonucleotide (5´-gattg CAAAAACCTTCCGGAAACAG-3´) was ligated into a pHAtc vector using the AarI enzyme (3). were disrupted by sonication in purification buffer (1× PBS; 150 mM NaCl; 10 mM imidazole).
Recombinant protein expression and purification
Rosetta strain
After centrifugation (12,000 rpm, 20 min), the supernatant was loaded onto a Ni 2+ affinity column (NEB) that was equilibrated in purification buffer. Nonspecifically bound proteins were extensively washed out by the same buffer, and specifically bound proteins were eluted with 250 mM imidazole in the same buffer. All the purification protein buffers were exchanged with cell-free degradation buffer, in vitro E3 ligase assay buffer, or in vitro pull-down assay buffer, prior to use.
Transient expression in protoplasts pBI221 35S:sGFP, 35S:mRFP, 35S:MPSR1-sGFP, 35S:MPSR1-DN-sGFP, and 35S:Δ2GFP
constructs were transfected into protoplasts by the polyethylene glycol method (6) . For the induction of proteotoxic stress, protoplasts were incubated in medium supplemented with AZC (5 mM).
Inducible gene expression by β-estradiol treatments
WT, WT/XVE:Δ2GFP, and 35S:MPSR1-KD/XVE:Δ2GFP transgenic seedlings were grown on MS medium for 10 days. The seedlings were then transferred to liquid MS medium supplemented with the indicated concentrations of β-estradiol (Sigma-Aldrich) for 6 h or 24 h (7). The expression levels of Δ2GFP were determined by immunoblot analysis using an α-GFP antibody (Clontech).
MPSR1 antibody production
We commissioned a monoclonal MPSR1 antibody (X-Q9LQX2-M) against synthetic peptide antigen from the corresponding region of the MPSR1 from Abmart (http://www.ab-mart.com).
Protein gel blot analysis
Ten-day-old seedlings of tested plants were mixed with 5× SDS sample buffer for 10 min, and extracts were resolved by SDS-PAGE on 8-12% gels, after boiling at 90 °C. The resolved samples were transferred to a PVDF membrane (Bio-Rad). The blots were probed with the following antibodies: α-flag-HRP (1:10000, Sigma-Aldrich, and 1:5000, ABM), α-GST
(1:5000, Santacruz), α-GFP (1:5000, Clontech), α-MBP (1:5000, ABM), α-HA (1:2500, ABM), α-actin (1:5000, Agrisera), α-tubulin (1:2500, Sigma-Aldrich), α-ubiquitin (1:2500, Agrisera), α-MPSR1 (1:1000, this study), α-RPN12 (1:2500, Enzo), α-RPT5 (1:2500, Enzo), α-20S alpha (1:2500, Enzo,) α-RPN6 (1:2500, Enzo), α-RPT1 (1:1000, Enzo), α-HSP90 (1:5000, Agrisera), α-HSP70 (1:5000, Agrisera), α-CAT (1:5000, Agrisera), α-PhyA (1:2500, Agrisera), α-rabbit-HRP (1:10000, GE healthcare), and α-mouse-HRP (1:10000, GE healthcare).
Fractionation of detergent-soluble and insoluble pUb-proteins
Seedlings were grown on MS medium with AZC (100 M) for two weeks. The seedlings of wild-type and transgenic plants (50-100 seedlings) were rapidly frozen in liquid nitrogen and ground with mortar and pestle and were mixed with insoluble fractionation buffer: 100 mM Tris (pH 7.5), 10 mM NaCl, 1 mM EDTA, 1% TritonX-100, 0.2% 2-mercaptoethanol. After centrifugation at 1000g for 10 min, supernatant (detergent-soluble) was collected from the tubes as a soluble fraction and insoluble pellets (detergent-insoluble) were washed with insoluble fractionation buffer for three times. Washed pellets were mixed with 5X SDS sample buffer and resolved in SDS-PAGE (8%-15%). The resolved samples were determined with -Ub antibody.
Immunohistochemical staining and confocal microscopy
The whole-mount immunostaining method was used as described in Sauer et al. (2006) . (8). were obtained from three independent assays, and quantification of band intensity was performed using the ImageJ software (9, 10) .
Proteasome activity analysis
The assay protocol was adapted from (11 
Gel filtration assay
Ten-day-old WT, 35S:MPSR1-OE, and 35S:MPSR1-KD seedlings were homogenized in extraction buffer (20 mM Tris pH 7.5, 25% glycerol, 20 mM KCl, 2.5 mM MgCl2, 2 mM EDTA, and 250 mM sucrose). The extract was then filtered through two layers of mesh and centrifuged at 1000 × g for 10 min to harvest the supernatant. Cytosolic extracts (1 mg) were loaded onto a Sephadex 200-pg gel filtration column (Hiprep, 16/600; GE Healthcare). Gel filtration experiments were performed as described in (12) .
Proteasome analysis using native gel electrophoresis
Proteasome analysis using native gel electrophoresis was performed via the protocol (13). 
In vivo co-immunoprecipitation
Total crude extracts (1 mg) of WT and 35S:MPSR1-OE seedlings treated with AZC (5 mM) for 6 h were used for the in vivo co-immunoprecipitation assay. The crude extracts were incubated with flag-affinity matrix (Sigma-Aldrich) for 2 h, and the resin was extensively washed with immunoprecipitation buffer (1× PBS, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.5× protease inhibitor cocktail, 0.5% triton-X 100, and 10 μM MG132) and the bound proteins were eluted with 100 mM glycine-HCl buffer (pH 2.3). The eluted proteins were resolved by SDS-PAGE on 8-12% gels and transferred to PVDF membranes. The blots were probed with α-CAT, α-flag, α-RPN6, α-RPN12, or α-RPT5 antibodies. For immunoprecipitation of catalase, total crude extract (1 mg) of WT was mixed with α-CAT antibody (1 μg) and incubated for 2 hours. After the primary incubation, Protein G resin (GE health care) was mixed with the crude extracts and further incubated for 1 hour.
In vitro ubiquitination
An in vitro self-ubiquitination assay was conducted as described in (14) . GST-MPSR1 or GST- 
GUS staining
T2 transgenic plants harboring the pMPSR1:GUS construct were treated with AZC (5 mM) or tunicamycin (0.5 μg/ml) and incubated in staining solution containing 2 mM X-GlcA (Duchefa Biochemie), 0.5 mM K3Fe(CN)6, and 0.5 mM K4Fe(CN)6 in 50 mM Tris buffer (pH 7.5) for 6 h at 37 °C. To remove chlorophyll, tissues were incubated in 70% ethanol for several hours (15) .
